Background: Canagliflozin is a sodium glucose co-transporter 2 inhibitor developed for the treatment of patients with type 2 diabetes mellitus (T2DM). The efficacy and safety of canagliflozin were evaluated in patients with T2DM <65 and ≥65 years of age.
Background
Advancing age, the increased prevalence of medical comorbidities, and the emergence of frailty can impact the selection of antihyperglycaemic agent (AHA) therapies for treating older patients with type 2 diabetes mellitus (T2DM) [1, 2] . Important safety considerations in this population include those related to renal or hepatic impairment, cardiovascular disease, polypharmacy, and self-management ability [1, [3] [4] [5] . Hypoglycaemia is of particular concern for older patients with T2DM because the risk of experiencing a hypoglycaemia episode increases with advancing age [5, 6] ; hypoglycaemia episodes associated with AHA use are a major cause of hospitalisations among older patients with T2DM [7] . Thus, the benefit/risk profiles of available AHA therapies are important considerations in treating older patients with T2DM.
Canagliflozin is a sodium glucose co-transporter 2 (SGLT2) inhibitor developed for the treatment of patients with T2DM [8] [9] [10] [11] [12] [13] [14] [15] [16] . Canagliflozin lowers the renal threshold for glucose excretion (RT G ) and increases urinary glucose excretion (UGE) in individuals with hyperglycaemia, resulting in decreased plasma glucose as well as an osmotic diuresis and net caloric loss [8, 17, 18] . In Phase 3 studies in patients with T2DM, canagliflozin has been shown to improve glycaemic control and reduce body weight and blood pressure (BP) as monotherapy or in combination with a variety of background AHAs [9] [10] [11] [12] [13] [14] [15] [16] .
In a Phase 3 study of older patients with T2DM ≥55 to ≤80 years of age, canagliflozin 100 and 300 mg significantly reduced HbA 1c , fasting plasma glucose (FPG), body weight, and systolic BP relative to placebo, and were generally well tolerated [11] . Incidences of genital mycotic infections, urinary tract infections (UTIs), and osmotic diuresis-related adverse events (AEs) were higher with canagliflozin than placebo, consistent with findings from other studies of canagliflozin in generally younger patient populations [9, 10, 12, [14] [15] [16] . To further evaluate the efficacy and safety of canagliflozin in older patients with T2DM, an analysis of pooled data from 4 randomised, placebo-controlled, Phase 3 studies (the aforementioned study in older patients was not included in this pooled analysis) was performed, with results reported for subsets of patients <65 and ≥65 years of age.
Methods

Study design and patient population
This pooled analysis evaluated canagliflozin 100 and 300 mg and placebo using data from subsets of patients with T2DM <65 and ≥65 years of age from 4 randomised, double-blind, placebo-controlled, Phase 3 studies. These studies each included a 26-week, double-blind, core treatment period and a 26-week extension period, and assessed canagliflozin as monotherapy [9] or added on to metformin [14] , metformin plus sulphonylurea [15] , and metformin plus pioglitazone (Table 1) . Data from the 26-week core treatment periods of each study were included in this pooled analysis; the high glycaemic subset (HbA 1c >10.0% and ≤12.0%) of the monotherapy study, which was not placebo controlled, and the sitagliptin arm of the add-on to metformin study were excluded. For the pooled dataset, the mean duration of exposure to study drug was approximately 24 weeks in each treatment group.
Key inclusion criteria for the individual studies are summarised in Table 1 . In general, eligible patients were those with T2DM ≥18 and ≤80 years of age, with HbA 1c ≥7.0% and ≤10.5% and estimated glomerular filtration rate (eGFR) ≥55 mL/min/1.73 m 2 at screening. Key exclusion criteria that were common across studies included repeated FPG ≥15.0 mmol/L during the pretreatment phase; history of type 1 diabetes; history of cardiovascular (CV) disease (including myocardial infarction, unstable angina, revascularisation procedure, or cerebrovascular accident) within 3 months prior to screening; and alanine aminotransferase (ALT) level >2.0 times the upper limit of normal (ULN) or total bilirubin >1.5 the ULN at screening.
In each study, eligible patients who were on protocolspecified background diabetes treatment directly entered a 2-week, placebo run-in period; those not on protocolspecified background diabetes therapy entered an 8-to 12-week AHA adjustment/dose stabilisation period prior to the run-in period. Patients were to remain on their stable diabetes treatment regimen through the end of the double-blind treatment period. Randomisation to treatment group (canagliflozin 100 or 300 mg or placebo) was stratified to ensure adequate distribution of specific patient characteristics (eg, whether a patient entered the AHA adjustment/dose stabilisation period) across treatment groups. After randomisation, HbA 1c and FPG were masked to study centres unless pre-defined criteria for initiation of glycaemic rescue therapy based on HbA 1c or FPG values were met. Study databases were locked at the primary assessment time point (Week 26) and studies were unblinded by the sponsor for regulatory filing. Blinding was maintained for patients and study centre and local sponsor personnel throughout the doubleblind treatment period. Glycaemic rescue therapy was initiated during the double-blind treatment period for patients who met prespecified criteria (in general, FPG >15.0 mmol/L after Day 1 to Week 6, >13.3 mmol/L after Week 6 to Week 12, and >11.1 mmol/L after Week 12 to Week 26). The agent for rescue therapy in each study was selected to be complementary to the protocol-specified background AHA therapy.
The studies were conducted in accordance with the ethical principles that comply with the Declaration of Helsinki, and are consistent with Good Clinical Practices and applicable regulatory requirements. Approval was obtained from institutional review boards and independent ethics committees for participating centres (Additional file 1), and patients gave written informed consent prior to participation.
Endpoints and assessments
Efficacy endpoints evaluated at Week 26 included change from baseline in HbA 1c , FPG, and systolic and diastolic BP, and percent change from baseline in body weight (reported for prior to rescue medication).
Assessments of overall safety and tolerability were based on AEs, safety laboratory tests, 12-lead electrocardiograms, vital sign measurements, physical examinations, and selfmonitored blood glucose. The incidence of selected AEs, including UTIs, genital mycotic infections, AEs related to osmotic diuresis and volume depletion, and renal-related AEs, were also evaluated. Documented hypoglycaemia episodes included biochemically confirmed episodes (concurrent fingerstick or plasma glucose ≤3.9 mmol/L, with or without symptoms) and severe episodes (ie, those requiring the assistance of another individual or resulting in seizure or loss of consciousness).
Percent changes from baseline in fasting plasma lipids, including triglycerides, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), LDL-C/HDL-C ratio, and non-HDL-C, were assessed as safety parameters.
Statistical analyses
Efficacy endpoints were analysed in the modified intentto-treat (mITT) population consisting of randomised patients who received ≥1 dose of study drug. The last observation carried forward (LOCF) approach was used to impute missing efficacy data. For patients who received rescue therapy, the last post-baseline value prior to initiation of rescue therapy was used for efficacy analyses. Changes from baseline in efficacy parameters at Week 26 were assessed using an analysis of covariance (ANCOVA) model including treatment and study as fixed effects and baseline values as covariates. Least squares (LS) means and 2-sided 95% confidence intervals (CIs) were estimated for the comparisons of each canagliflozin dose versus placebo. Fasting plasma lipid parameters were assessed in the safety analysis set (identical to the mITT population) using a similar ANCOVA model as for efficacy endpoints. Statistical testing of comparisons of canagliflozin versus placebo within each age group, and of comparisons between age groups, was not conducted (not pre-specified). Therefore, no P values are reported; however, 95% CIs are provided.
Results
Patient disposition and baseline characteristics
Of the patients in the pooled population who were randomised and dosed, 85.9% and 85.4% of those <65 and ≥65 years of age, respectively, completed the 26-week treatment period. A higher proportion of patients in the placebo group compared with the combined canagliflozin group discontinued before the Week 26 visit among patients <65 years of age (18.2% vs 12.6%) and those ≥65 years of age (17.5% vs 13.3%). Baseline demographic and disease characteristics were generally similar across treatment groups within each age subset ( Table 2) . Patients ≥65 years of age had a lower mean baseline eGFR, a longer mean duration of T2DM, and a higher proportion with cardiac disorders and on antihypertensive medication compared with the <65 years subset.
Efficacy
Glycaemic parameters
Canagliflozin 100 and 300 mg reduced HbA 1c compared with placebo in patients <65 and ≥65 years of age ( Figure 1A ). Placebo-subtracted HbA 1c reductions with canagliflozin 100 and 300 mg were −0.7% and −0.9%, respectively, in patients <65 years of age, and −0.6% and −0.8% in those ≥65 years of age. At Week 26, the proportion of patients <65 years of age achieving HbA 1c <7.0% was 45.6%, 60.0%, and 23.7% with canagliflozin 100 and 300 mg and placebo, respectively; 42.8%, 57.5%, and 28.5% of patients ≥65 years of age achieved HbA 1c <7.0% with canagliflozin 100 and 300 mg and placebo, respectively. Canagliflozin 100 and 300 mg also reduced FPG compared with placebo in both age subsets ( Figure 1B ). The effect of canagliflozin in lowering FPG was greater in patients <65 years of age (placebo-subtracted reductions for canagliflozin 100 and 300 mg of −1.7 and −2.2 mmol/L, respectively, in patients <65 years of age, and −1.2 and −1.9 mmol/L, respectively, in patients ≥65 years of age).
Body weight and BP
Canagliflozin 100 and 300 mg provided reductions in body weight in patients <65 and ≥65 years of age ( Figure 1C ), with differences versus placebo of −2.2% and −2.8%, respectively, in patients <65 years of age and −2.3% and −3.2%, respectively, in those ≥65 years of age. Both canagliflozin doses were associated with reductions in systolic and diastolic BP in both age subsets ( Figures 1D  and 1E ). For systolic BP, placebo-subtracted reductions were −3.9 mmHg with canagliflozin 100 mg in both age subsets, and −4.5 and −5.1 mmHg with canagliflozin 300 mg in patients <65 and ≥65 years of age, respectively. Changes in diastolic BP with canagliflozin 100 and 300 mg were greater in patients ≥65 years of age (placebo-subtracted reductions of −2.6 and −2.5 mmHg, respectively) than in those <65 years of age (−1.8 mmHg for both doses). Mean changes in pulse rate with canagliflozin 100 and 300 mg and placebo were −0.9, −0.1, and 0.2 beats per minute (bpm), respectively, in patients <65 years of age and 0.6, −1.8, and −0.9 bpm, respectively, in those ≥65 years of age.
Safety and tolerability Overall safety and tolerability
The overall incidence of AEs was similar with canagliflozin and placebo within and across age subsets ( Table 3) . Incidences of serious AEs and AEs leading to discontinuation were low (≤3.3%) and similar across groups in patients <65 years of age. In patients ≥65 years of age, higher incidences of serious AEs and AE-related discontinuations were observed with canagliflozin 100 mg (6.9% and 8.8%, respectively) relative to canagliflozin 300 mg (3.4% and 5.4%, respectively) and placebo (3.6% and 4.4%, respectively); these increases with canagliflozin 100 mg were not associated with any pattern in specific AEs. Relative to placebo, both canagliflozin doses were associated with a higher incidence of AEs related to study drug in patients <65 and ≥65 years of age, which were mainly related to the specific AEs discussed below. Canagliflozin 100 and 300 mg were associated with increased incidence of genital mycotic infections in males and females relative to placebo in patients in both age subsets. Incidence of genital mycotic infections was no greater in patients ≥65 years of age compared with those <65 years of age (Table 3) . No serious genital mycotic infection AEs were reported and most were mild or moderate in intensity, as assessed by the investigator. Among female patients, 5 genital mycotic infection AEs led to study discontinuation in the <65 years subset (4 with canagliflozin 100 mg and 1 with canagliflozin 300 mg), and 1 led to study discontinuation in the ≥65 years subset (canagliflozin 300 mg). Two male canagliflozin-treated patients discontinued from the study due to genital mycotic infections in each age subset (both with canagliflozin 300 mg in the <65 years subset and both with canagliflozin 100 mg in the ≥65 years subset). The incidence of UTIs was higher with canagliflozin 100 mg relative to canagliflozin 300 mg and placebo in patients <65 years of age and similar across groups in those ≥65 years of age. Two serious UTIs were reported in patients <65 years of age (1 with canagliflozin 100 mg and 1 with canagliflozin 300 mg) and 1 UTI led to study discontinuation in the placebo group. No UTIs were serious or led to study discontinuation in patients ≥65 years of age. A higher incidence of AEs related to osmotic diuresis (eg, pollakiuria [increased urination frequency], polyuria [increased urine volume]) was seen with canagliflozin relative to placebo in patients <65 and ≥65 years of age, with similar incidences observed in the 2 age subsets. Most AEs related to osmotic diuresis were mild or moderate in intensity, as assessed by the investigator, and none were serious; 3 patients experienced osmotic diuresisrelated AEs that led to study discontinuation (1 with canagliflozin 100 mg and 2 with canagliflozin 300 mg), all in patients <65 years of age. The incidence of volume depletion-related AEs (eg, postural dizziness, orthostatic hypotension) was low (≤2.5%) across treatment groups in both age subsets. In patients <65 years of age, the incidence of volume depletion-related AEs was similar with canagliflozin 100 and 300 mg and placebo (0.9%, 1.2%, and 1.0%, respectively). Although there were few patients ≥65 years of age with volume depletion-related AEs, there was a trend toward a higher incidence with canagliflozin 100 and 300 mg relative to placebo (2.5%, 2.0%, and 1.5%, respectively). Most volume depletionrelated AEs were mild or moderate in intensity, as assessed by the investigator. There was 1 serious volume depletion-related AE and 1 event that led to study discontinuation, both in the placebo group in 2 distinct patients <65 years of age.
A low incidence (<2%) of renal-related AEs (eg, glomerular filtration rate decreased, renal impairment) was seen in patients ≥65 years of age that was similar across treatment groups (1.9%, 1.3%, and 1.5% with canagliflozin 100 and 300 mg and placebo, respectively); a higher incidence was observed with canagliflozin 300 mg relative to canagliflozin 100 mg and placebo in patients <65 years of age (1.8%, 0.3% and 0.4%, respectively). Most renal-related AEs were mild or moderate in intensity, as assessed by the investigator, for patients <65 years of age, except for 1 serious renal-related AE with canagliflozin 100 mg. Overall, 10 patients discontinued due to renal-related AEs with canagliflozin, 6 patients <65 years of age (all with canagliflozin 300 mg), and 4 patients ≥65 years of age (3 with canagliflozin 100 mg and 1 with canagliflozin 300 mg); a renal-related AE led to study discontinuation in 1 patient ≥65 years of age with placebo.
Early transient decreases from baseline in eGFR were seen with canagliflozin within the first 3 to 6 weeks of treatment, which subsequently were stable or attenuated over the 26-week treatment period. At Week 26, canagliflozin 100 and 300 mg were associated with mean percent decreases in eGFR relative to placebo in patients <65 years of age (−1.6%, −3.0%, and −0.6%, respectively) and those ≥65 years of age (−2.6%, −2.9%, and −0.4%, respectively).
Among patients who were not on background sulphonylurea therapy (ie, excluding those from the add-on to metformin plus sulphonylurea study), the incidence of documented hypoglycaemia episodes with canagliflozin 100 and 300 mg and placebo was 4.1%, 4.0%, and 3.6%, respectively, in patients ≥65 years of age (n = 360); in those <65 years of age (n = 1,484), the incidence was 3.8%, 4.3%, and 1.8%, respectively. Canagliflozin was not associated with an increase in the incidence of severe hypoglycaemia episodes, with 2 events reported in patients <65 years of age (1 in each canagliflozin group) and none in patients ≥65 years of age. A total of 384 patients <65 years of age and 85 patients ≥65 years of age were on background sulphonylurea (ie, patients from the add-on to metformin plus sulphonylurea study); in these patients, the incidence of documented hypoglycaemia episodes with canagliflozin 100 and 300 mg and placebo was 27.8%, 26.1%, and 11.5%, respectively, in patients ≥65 years of age and 27.3%, 30.8%, and 16.2%, respectively, in patients <65 years of age. In patients on background sulphonylurea, there were no severe hypoglycaemia episodes reported in patients ≥65 years of age, and 2 severe hypoglycaemia episodes were reported in patients <65 years of age (1 with placebo and 1 with canagliflozin 100 mg).
Fasting plasma lipids
Overall, changes in lipid parameters with canagliflozin compared with placebo were generally similar in patients <65 and ≥65 years of age (Table 4 ). Increases in HDL-C were seen with canagliflozin 100 and 300 mg relative to placebo in both age subsets (differences vs placebo of 5.2% and 6.1%, respectively, in patients <65 years of age, and 6.2% and 7.2%, respectively, in patients ≥65 years of age). Canagliflozin 100 and 300 mg were associated with increases in LDL-C relative to placebo in both age subsets (differences vs placebo of 4.8% and 8.3%, respectively, in patients <65 years of age, and 2.7% and 6.1%, respectively, in patients ≥65 years of age), with increases in non-HDL-C that were smaller than those seen in LDL-C. Relative to placebo, there were no meaningful changes in triglycerides or the LDL-C/HDL-C ratio with canagliflozin in both age subsets.
Discussion
The treatment of older patients with T2DM must take into consideration factors specific to these patients, including the increased prevalence of comorbidities and use of concomitant medications, with patient safety being a priority [1, 19] . For example, safety issues related to available AHAs that may be of particular concern in older patients include gastrointestinal intolerability and contraindication in patients with renal impairment for metformin; risk of congestive heart failure and fracture with thiazolidinediones; and risk of hypoglycaemia with sulphonylureas and insulin [5] . In this analysis, the efficacy and safety of canagliflozin were evaluated using pooled data from patients with T2DM <65 and ≥65 years of age. Canagliflozin 100 and 300 mg improved glycaemic control relative to placebo in patients <65 and ≥65 years of age, with a slightly greater effect observed in patients aged <65 years relative to those aged ≥65 years. Canagliflozin provided reductions in body weight and systolic and diastolic BP compared with placebo in both age subsets. Canagliflozin was generally well tolerated, with higher incidences relative to placebo of genital mycotic infections and osmotic diuresis-related AEs in both age subsets. Findings in this analysis were consistent with those from previous studies, including one in older patients ≥55 to ≤80 years of age [9] [10] [11] [12] [13] [14] [15] [16] .
A slightly numerically lesser effect of canagliflozin in lowering HbA 1c and FPG was observed in patients ≥65 years of age relative to those <65 years of age, which may be related to the lower mean baseline HbA 1c and eGFR in older patients. The mechanism of action of canagliflozin is through induction of UGE, the rate of which is dependent on plasma glucose concentration and GFR [20] [21] [22] ; thus, the effect of canagliflozin in increasing UGE is expected to be attenuated in patients with lower eGFR. For example, canagliflozin improved glycaemic control to a lesser extent in patients with moderate renal impairment (eGFR ≥30 and <50 mL/min/1.73 m 2 [13] ) relative to patients with normal or mildly impaired renal function [9, 10, 12] . Consistent with this, reductions in HbA 1c and FPG with canagliflozin in the previous study in older patients [11] were smaller than those seen in other studies with generally younger patients [9, 10, 12, [14] [15] [16] .
Body weight was reduced with both canagliflozin doses relative to placebo in patients <65 and ≥65 years of age, with generally similar effects in the 2 age subsets. Canagliflozin was associated with greater reductions from baseline in systolic and diastolic BP relative to placebo in both age subsets; reductions in diastolic BP were numerically larger in patients ≥65 years versus <65 years of age. The reductions in BP with canagliflozin were not associated with notable changes in pulse rate or incidence of AEs related to volume depletion in either age group. Canagliflozin 100 and 300 mg were generally well tolerated in patients <65 and ≥65 years of age. The incidence of overall AEs was similar across treatment groups in both age subsets, with no notable increase in patients ≥65 years relative to those <65 years of age. Serious AEs and AEs leading to study discontinuation were slightly more common with canagliflozin 100 mg relative to canagliflozin 300 mg and placebo in patients ≥65 years of age, with numerical differences not associated with any pattern in specific AEs. As previously observed [9] [10] [11] [12] [13] , canagliflozin was associated with increased incidences of genital mycotic infections and osmotic diuresis-related AEs, with no notable differences observed between the 2 age subsets. The incidence of volume depletion-related AEs was low and similar with canagliflozin and placebo in patients <65 years of age; the incidence of these AEs was generally higher in patients ≥65 years of age, with slightly higher rates with canagliflozin relative to placebo. In patients <65 years of age, the incidence of renal-related AEs was low but higher with canagliflozin 300 mg relative to canagliflozin 100 mg and placebo, while the incidence of these AEs was low and similar across groups in patients ≥65 years of age. Canagliflozin was not associated with increased incidences of UTIs or documented or serious hypoglycaemia episodes in patients ≥65 years of age. The relatively low risk of hypoglycaemia observed with canagliflozin when not used in combination with agents associated with hypoglycaemia (eg, insulin and sulphonylurea) is consistent with its mechanism of action, as canagliflozin lowers the RT G to approximately 4.4 to 5.0 mmol/L [8, 17] , above the usual threshold for hypoglycaemia of 3.9 mmol/L. In this analysis, the number of patients on background AHAs associated with hypoglycaemia was small; in these patients, an increased incidence of documented hypoglycaemia was observed with canagliflozin in both age subsets, with no increase in severe events, consistent with previous studies of canagliflozin in patients on background insulin or sulphonylurea [11, 13, 15, 23] . Overall, the safety profile of canagliflozin relative to placebo in this analysis was consistent with that seen in previous studies, including those in generally younger patient populations [9, 11, [13] [14] [15] [16] . There was no consistent dose-related increase in the incidence of several AEs (eg, UTIs, genital mycotic infections, osmotic diuresisrelated AEs) in patients <65 or ≥65 years of age.
Both canagliflozin doses were associated with increases in HDL-C and LDL-C, and no change in the LDL-C/ HDL-C ratio, relative to placebo. The changes in lipid parameters with canagliflozin were generally similar in patients <65 and ≥65 years of age, and were consistent with previous observations in individual Phase 3 studies [9] [10] [11] [12] [13] [14] [15] [16] . Similar changes in lipid parameters have been seen with other SGLT2 inhibitors [24, 25] . The mechanism for the increase in LDL-C seen with canagliflozin is unknown.
In previous studies in which changes in apolipoprotein B (Apo B) were assessed, canagliflozin was associated with increases in Apo B that were smaller than those in LDL-C [9, 14] .
Findings from this integrated analysis extend those from a previous study in older patients ≥55 to ≤80 years of age [11] by providing a direct comparison of the efficacy and safety of canagliflozin in patients <65 and ≥65 years of age based on a larger, pooled patient population representing a broad and general population of patients with T2DM. A limitation of this analysis was the lack of prespecified statistical testing for comparisons between the age groups; in addition, the Phase 3 studies pooled in this report were not powered to evaluate statistical differences between age subgroups. However, 95% CIs for the comparisons of canagliflozin 100 and 300 mg relative to placebo within each age subset are reported. Assessments over a longer treatment period and including active comparators will be helpful in further defining the efficacy/ safety profile of canagliflozin relative to other available AHAs as treatment options for older patients with T2DM. Other issues that may impact the management of T2DM, such as self-management ability, cognitive function, need for carer support, and frailty [4, 5] , will also be important considerations in the selection of AHA treatment for older patients with T2DM.
